Introduction: End-stage renal disease (ESRD) is associated with exponentially elevated cardiovascular mortality. Arterial stiffness (AS) -usually expressed with pulse wave velocity (PWV) -is an established independent predictor of cardiovascular risk beyond the traditional risk factors. Higher PWV values are frequently observed in patients with ESRD. Due to the intrinsic physiologic relationship between PWV and prevailing arterial pressure, PWV can change without relevant changes in the arterial wall structure, and thus an individual pressureindependent expression of PWV is essential. Methods: The study is a single-center observational study. Repeated measurements of blood pressure (BP) and pulse wave analysis were performed during each dialysis session of 1 week. Aortic PWV was then adjusted to 120 mm Hg central systolic BP (PWV120) based on individually determined relationship. PWV120 values were compared between single sessions. Calculation of the PWV120 was performed retrospectively. Results: Fifty-four subjects were included, 61.1% of whom were male. The median age was 75.5 years, and median dialysis vintage was 33.1 months. Mean systolic/ diastolic BP was 121.4/70.5 mm Hg, and the median heart rate was 64.6 beats/min. Mean PWV was 10.9 m/s, and mean PWV120 was 11.3 m/s. PWV120 did not change across single dialysis session during 1 week, while systolic, diastolic BP, PWV, and ultrafiltration volume differed significantly. Discussion/Conclusions: Our data suggest that true AS does not change in the short-term course in dialysis patients. The observed changes in PWV are rather associated with BP change due to intrinsic pressure dependence. Our analytical approach represents a novel method for this purpose, which is easy in performance and also applicable for large interventional trials and clinical practice.
Introduction
Arterial stiffness (AS) reflects the damage of the arterial vessel wall [1] . Its association with increased cardiovascular morbidity and mortality has been shown in different populations [2, 3] . Chronic kidney disease (CKD) has been associated with increased AS [4] . The cardiovascular disease burden is disproportionally high in patients with CKD and particularly in end-stage renal disease [5] . Thus, assessment of the AS and developing of the treatment strategies to decrease AS in these patients are of significant clinical relevance. However, one of the relevant caveats about AS, which is usually characterized by pulse wave velocity (PWV), is its intrinsic dependence from prevalent blood pressure (BP) [6] [7] [8] . As a consequence, change in the BP causes a change in PWV without any change in the arterial wall structure. Specifically, cyclic changes in BP and hydration status in hemodialysis patients could alter PWV values. Whether "true" PWV reflecting the real change in arterial wall structure changes remains unknown.
Available modern oscillometric devices can perform pulse wave analysis and reliably calculate aortic PWV in the clinical routine, which is proofed to be valid compared to tonometric and invasive measurements [9, 10] . Multiple PWV measurements can easily be performed using this technique. Based on the analysis of the multiple PWV measurements in a single patient, we developed a method to obtain an individual BP-independent PWV, which would better reflect the true change in the arterial wall structure. We hypothesized that individual BP-independent PWV would not alter between dialysis sessions in 1 week.
Materials and Methods

Study Collective
Adult persons (age ≥18 years) on stable hemodialysis or hemodiafiltration regimen were recruited from the outpatient dialysis unit in Kamen, Germany, from March to April 2017. Exclusion criteria were pregnancy, arterial stenosis proximal or at the measurement site, former dialysis fistula at the measurement site, active infection, arrhythmias making peripheral oscillometric BP measurement, and/or pulse wave analysis impossible. All included subjects performed written informed consent. The Ethical Committee of the medical association Westphalia-Lippe and the University of Muenster, Germany, approved the study. All dialysis procedures were performed with Surdial X dialysis machines (Nipro, Osaka, Japan). Clinical data, including comorbidities, concurrent medication, and laboratory data, were obtained from the electronic and paper-based patient records. We considered patients having hypertension when they have had already a previously established diagnosis of hypertension or have been taking antihypertensive drugs. We considered patients having hyperlipoproteinemia when they have had a previously established diagnosis of hyperlipoproteinemia or have been taking cholesterol-lowering drugs. The study schematic is shown in Figure 1 . 
Hemodynamic Measurements
All BP and pulse wave analysis measurements were performed with Mobil-O-Graph-24 h-pulse wave analysis Monitor (I.E.M. GmbH, Stolberg, Germany), and data analysis was performed with HMS Client Software, version 5.2. Mobil-O-Graph uses ARCSolver method to calculate aortic PWV [11] . Upper arm circumference was measured before the measurement to apply appropriate cuff (Size S: 20-24 cm, M: 25-32 cm, L: 33-38 cm, XL: 39-55 cm). The recordings were performed at the non-fistula arm. The first measurement was started when a patient has taken a comfortable position in the dialysis chair. The device repeated the measurement automatically every 15 min until the dialysis session ended. Additional on-demand measurements were started manually. Single point measurements of the aortic PWV and central systolic BP were plotted together, and individual change in aortic PWV related to the change in central systolic BP was visualized (online suppl. Figure, Statistics SPSS version 25.0 (IBM, Armonk, NY, USA) was used for the statistical analysis. Normally distributed parameters are reported as mean and SD. Nonnormally distributed parameters are reported as median and interquartile range. Definition of normal distribution was based on the results of the Kolmogorov-Smirnov test. All categorical data were presented as the total number and percentage of the total study population. To describe the hemodynamic values of the single dialysis days in a week, Friedman-test and Friedmans ANOVA post hoc test were used. Hemoglobin A1c values were available for 36 patients. Two-sided p value below 0.05 was considered as statistically significant. 
Results
Fifty-four subjects were included in the analysis, 33 (61.1%) of whom were male. The median age was 75.5 years, and the mean dry weight of the patients was 79.8 kg. The median dialysis vintage was 33.1 months, and the mean single pool Kt/V was 1.55. Almost all study participants (96.3%) had an established diagnosis of arterial hypertension, diabetes mellitus (61.1%), and hyperlipoproteinemia (64.8%). About 22.2% of the patients were dialyzed via an indwelling central venous catheter, and others were dialyzed via a fistula. Baseline characteristics of the study collective are further described in Table 1 . People with diabetes were well controlled with the mean hemoglobin A1c of 6.4%. Median cholesterol level was 157 mg/ dL. Almost 76% of the study collective was on a renin-angiotensin blocker. The same percentage of patients was on a loop diuretic, and the median residual diuresis was 500 mL/ day. In total, 51.9% took a statin. The detailed information regarding laboratory parameters and comedication is given in Table 2 . Mean systolic and diastolic BP of the study population was 121.4/70.5 mm Hg, and the median heart rate was 64.4 beats/min. PWV adjusted to 120 mm Hg central systolic BP was 11.3 m/s compared to PWV, which was 10.9 m/s. Table 3 gives extended information about the hemodynamic parameters of the patients.
Systolic, diastolic, central systolic, central diastolic BP, PWV, and ultrafiltration volume are significantly higher on the first dialysis session during the week compared to second and third dialysis sessions. In contrast, PWVslope, PWVbaseline, and PWV120 did not differ significantly between the dialysis sessions within 1 week (Fig. 2 ). Univariable linear regression analysis showed diastolic BP, mean arterial BP, age, smoker status, and intact parathyroid hormone (iPTH) as significant impact parameters on PWV120. These parameters were entered in the multiple linear regression analysis, which revealed age as only independent, statistically significant impact parameter on PWV120. The change in PWV120 was not predictable by the change in systolic, diastolic BP, heart rate, and ultrafiltration volume between the dialysis sessions during 1 week ( Fig. 3) . Parameters reported as mean/median of 3 dialysis sessions during 1 week; PWV120, pulse wave velocity adjusted to the level of 120 mm Hg central systolic BP and calculated as PWVbaseline + 120 mm Hg × PWVslope; normally distributed parameter reported as mean and SD; non-normally distributed parameter reported as median and interquartile range.
BP, blood pressure; PWV, pulse wave velocity; PWV120, PWV adjusted to 120 mm Hg central systolic BP. Table 3 . Hemodynamic parameters of the study collective namically relevant parameters between 3 dialysis days of the week. Table 5 shows independent statistically significant influence parameters on PWV, PWVbaseline, and PWVslope based on the results of multiple linear regression analysis.
Discussion
In this study, we observed no change in PWV120 between dialysis sessions within 1 week in stable outpatients of the single center dialysis unit. PWV and BP parameters varied significantly between the dialysis sessions. The change in BP-adjusted PWV could not be predicted by any parameter, which varied between the dialysis sessions. Though, wide variation ranges were observed for systolic and diastolic BP, heart rate, and ultrafiltration amount between the dialysis sessions. Our mathematical approach allows the adjustment of the PWV to a particular BP-level (in this study 120 mm Hg central systolic BP) and as a consequence possible BP-independent reflection of the true AS as an indicator of the arterial wall damage. Our findings support the expected presumption that the arterial wall structure does not change during 1 week in dialysis patients. The supposed changes in AS are based on the physiologic PWV change due to changes in BP [7] . This conclusion is of direct importance for the interpretation of the studies using PWV either as a cardiovascular risk marker or a PWV change as a therapeutic target. For example, a recently published study reported an association between volume overload and increased AS in patients with moderate to severe CKD [12] . However, volume overload usually causes an increase in BP (also observed in the study). An increased BP can cause increase in AS without any true changes in arterial wall structure. The authors of the study suggested an existing relationship between volume expansion and AS in the discussion. However, this link is confounded by the occurred change in BP. Two main approaches exist in the literature to convert PWV in a BP-independent parameter: (1) generation of a dimensionless variable as implemented in cardio-ankle vascular index [13] and (2) general adjustment of the PWV values to BP performed on the statistical basis usually employing regression analysis techniques. While cardio-ankle vascular index is not as much substantiated with evidence as conventional aortic PWV, general adjustment of the PWV to BP is not individualized and applicable for study populations or for single subjects [14] . Moreover, the comparability of the values between different studies or during follow-up is difficult. To the best of our knowledge, no studies using individual BP-adjustment of the PWV in dialysis patients have been published so far. Di Iorio et al. [15] studied changes in BP-adjusted PWV in 20 dialysis patients in 1 week. The authors used normalization of the PWV as a method for BP-adjustment -corresponding to a general BP-adjustment approach [15] -and reported no significant change in normalized PWV during 1 week. Noteworthy, carotid-femoral PWV-and BP-measurements have been performed with different devices and the time point of BP-and carotid-femoral PWV-measurement has not been specified further. In case the measurements were not performed simultaneously, the direct link between the particular BP level and measured PWV would be difficult, as the BP varies continuously. Thus, compared to the Di Iorio et al. [15] work our methodological (oscillometry based) approach is possibly more accurate as the method delivers PWV and BP simultaneously. Overall, our data support their findings and extend the evidence that BP-adjustment is necessary to differentiate between physiologic reaction of PWV to a change in BP and true PWV as a reflection of arterial wall damage.
Considering the separate variables in the linear equation created from the point clouds, we defined the line interception point with the Y-axis as a PWVbaseline. This is a virtual parameter because the precondition for interception of the Y-axis would be the BP of 0 mm Hg, which is, of course, impossible in real life. However, this parameter seems to reflect the baseline status of the arterial wall as a static component. In our study, PWVbaseline was predicted by systolic and diastolic BP as well as patient age. All factors are known to be the main affecting factors of the AS [6] . Another variable in the linear equation -PWVslope -reflected the intensity of PWV change due to change in BP. This parameter would probably represent the dynamic component of AS or "true" stiffness as is described by the key physical principles [16] . Only systolic BP was able to predict PWVslope in multiple regression analysis of our study collective. Both PWVbaseline and PWVslope might depict different components of AS, which is a reflection of histopathological changes in arterial wall structure such as deterioration of elastin network, vascular smooth muscle hypertrophy, and transformation and increased collagen deposition [17] [18] [19] . iPTH was also reported as a main determinant of AS progression [20] . Though the impact of iPTH was significant in the univariate test, in the multivariate analysis, iPTH lost its statistical significance as an independent impact factor on PWV120.
In conclusion, our data suggest that true AS does not change in the short-term course in dialysis patients and observed changes in PWV are rather associated with BP change due to the intrinsic pressure-dependence. Since PWV has been an acknowledged predictive parameter for cardiovascular risk in non-CKD [21] and CKD population [22] , it is essential to determine true changes in PWV and exclude the pressure-dependence component. Our analytical approach represents a novel method for this purpose, which is easy in performance and applicable for large interventional trials and clinical practice. Further studies should be performed to establish the link between BP-adjusted PWV and cardiovascular outcomes.
Though the study has its strengths, we acknowledge several limitations: Due to the device used, the aortic PWV was calculated and not measured. We have previously shown that calculated PWV measured by the Mobil-O-Graph is in a very good agreement with direct measurement of PWV [9] . The observational design of the study allows the description of associations but preclude any causal relationships. Single-center approach resulted in a given participants number. However, this is the largest study describing PB-adjuster PWV individually in dialysis patients so far. Further studies should be conducted to examine the validity of BP-adjusted PWV in other collectives. 
